The aim of this work is to calibrate a magnetic susceptibility field probe (SM30) in order to allow measurement on natural boulders of any shape and size. This calibration was performed through measurements on pebbles of different shapes, sizes and lithologies. We model a correction factor (geometric factor) that has to be applied to the SM30 measurement to obtain the real volume magnetic susceptibility of a sample of known volume. This geometric factor depends mostly on the volume of the sample, and to a lesser extent on its shape. We also present an original magnetic measurement scheme that provides, with three SM30 measurements at different distances, an estimation of the volume of a sample. By combining the two calibration models, it is possible to obtain the volume magnetic susceptibility of a natural sample with only three SM30 measurements, without requiring additional information such as sample volume. On the other hand, the calibration performed on a semi-infinite homogeneous body with variable measuring distance leads to a 2-D model of the SM30 response over its integration volume and allows the determination, with a sufficient number of discrete measurement at variable distance, of the thickness and susceptibility of the different layers of a composite body. Both types of calibration were successfully validated on natural or synthetic samples. Therefore the SM30 portable susceptometer appears to be a suitable instrument to perform in situ magnetic susceptibility measurement of individual boulders or to establish magnetic susceptibility profiles. In addition, the modest dimensions of the probe and the relative simplicity of the proposed measurement schemes should enable automation of the measurements that could find applications for robotic exploration of solid bodies of the solar system, for example.
I N T RO D U C T I O N
Volume magnetic susceptibility K is a dimensionless parameter defined as the derivative of the intensity of the magnetization induced in a sample (M = mV , m being the magnetic moment and V the sample volume) with respect to the applied magnetic field. This intrinsic property can be routinely measured in the laboratory with susceptometers, acknowledging the fact that it requires a separate volume measurement. Magnetic susceptibility measurements have numerous fields of application as they provide information about the concentration and nature of iron phases. Weathering profiles (Mathé et al. 1999) , pollution monitoring (Heller et al. 1998) , classification of granitoids (Ishihara 1977) , correlation between sedimentary cores and palaeoclimatic proxy (Thouveny et al. 1994) , ash-layer detection in deep-sea sediments core (Touchard & Rochette 2004) , meteorite classification and aid in interpretation of magnetic anomalies are a few applications.
In this paper, we present and calibrate a magnetic susceptibility measurement scheme that does not necessitate independent volume measurements and can be easily used in situ and automated. We show that this measurement scheme allows the determination of the volume magnetic susceptibility of finite samples in their natural shape and volume, and of susceptibility profiles of a soil, for example.
M AT E R I A L A N D M E T H O D S
From the various existing susceptibility field probes we selected the SM30 probe supplied by ZH instruments. It contains an LC circuit with a 6 cm diameter, 1 cm thick copper coil that creates a small alternating field (50 µT at probe contact, 8 kHz). The resonance frequency of this oscillating LC circuit is modified when a sample is placed close to the sensor. The variation in resonance frequency between a blank measurement and sample measurement is translated into volume magnetic susceptibility expressed in SI. A second blank measurement allows the evaluation and correction of the instrumental drift. Sensitivity is 10 −7 SI and maximum measurable susceptibility is 1 SI for the upgrade version (0.1 SI for the standard version). The acquisition time is a few seconds.
Magnetic susceptibility is measured over a volume that we call the integration volume. The value given by the SM30 corresponds to the actual volume magnetic susceptibility only if the measured sample fills the whole integration volume. If the sample is smaller than the integration volume, the measured volume susceptibility appears lower than its real value. If the sample is larger, only the part contained in the integration volume will contribute to the measurement. In this latter case, the measured susceptibility will be the real one if the sample is homogeneous.
In order to calibrate the SM30 measurements for small objects and to model its response to heterogeneous samples we used a Kappabridge KLY2 Geofysika susceptometer as a reference. This apparatus measures susceptibility in a low alternating field (400 µT, 920 Hz) and provides precise measurements with a resolution of 5 × 10 −8 SI. It has been cross-calibrated in different laboratories to within 1 per cent . We used both standard and large pick-up coils, with an inner diameter of respectively 4 and 8 cm.
C A L I B R AT I O N
The first step of calibration is to evaluate the response of the SM30 for homogeneous discrete objects of different shapes, sizes and volume susceptibility. For this purpose, 315 volcanic pebbles of different lithology (60 of phonolite and agpaite, 143 of aphyric basalts and 112 of porphyric basalts) were collected in the riverbed of the Eysse (Ardèche, France). Due to an active transport of less than 10 km (average slope 4 per cent) their shape is rather irregular. An additional 56 marly limestone pebbles of nearly perfect ellipsoidal shapes were collected in the large Alpine Durance river (Bouches du Rhône, France). Pebble masses ranged from 0.85 to 755 g. Their shape is approximated by an ellipsoid whose three principal dimensions were measured with a calliper. Care was taken during sampling to retrieve only homogeneous samples but to regularly cover the shape and size spectra.
Pebble homogeneity was tested on four samples by drilling a core (2.5 cm in diameter) into them, cutting it into 2 mm slices and measuring the magnetic susceptibility of each slice (Fig. 1) . The pebbles appear to be homogeneous with variations of ±10 per cent around the mean value. In particular, no strong difference is observed between the subsurface and the core of the pebbles. They can thus be considered as magnetically homogeneous bodies and are suitable for calibration. In order to complete the calibration for larger objects which would not fit in the large KLY2 coil we used 'synthetic pebbles' hand-made from pottery clay. The calibration was performed by measuring the volume susceptibility of these objects with both the SM30 and the KLY2. The two apparatuses operate at different frequencies and magnetic fields, but the magnetic susceptibility is neither frequency-nor field-dependent for the rather large magnetite grains contained in our samples. Moreover, even in unfavourable cases (presence of superparamagnetic magnetite, haematite, pyrrhotite), the variability of susceptibility with field intensity and frequency is only a few per cent at most, well within the expected accuracy of the calibration.
To determine the volume susceptibility of the pebbles with the KLY2 it is necessary to evaluate their volume. For this purpose, the mean density for each lithology was evaluated following an Archimedean method developed by Consolmagno & Britt (1998) using 40 µm glass spheres as a fluid and 20 large glass spheres of various diameters to calibrate the method. The density of clay ((2.07 ± 0.03) × 10 3 kg m −3 ) was determined by weighing 10 samples of known volume. An additional parameter to determine is the anisotropy of magnetic susceptibility. Indeed, rocks are generally anisotropic and this effect has to be evaluated as it represents a limit to the reproducibility of susceptibility measurements along a single direction and therefore a limit to the accuracy of a comparison between two susceptibility measurements with different instruments. Anisotropy of magnetic susceptibility was evaluated for 34 samples following standard procedures with measurements along 15 directions. Degrees of anisotropy, defined as the ratio between maximum and minimum susceptibilities, are low (<1.1) for all lithologies and especially for the two types of basalts (<1.04). Therefore the volume magnetic susceptibility of the pebbles was measured along a single arbitrary direction with the KLY2. Knowing the mass and density of each pebble, we obtained the reference volume susceptibility values, denoted by K r (Table 1) . Values range from −1 × 10 −6 (marly limestone sample) to 131 × 10 −3 SI (basalt sample), spanning more than five orders of magnitude.
SM30 measurement was performed with the short axis of the sample along the coil axis, as would be expected for a rock resting naturally on the ground. The sample was placed directly on the SM30 probe in order to have a zero background susceptibility. The average of up and down measurements (i.e. on both sides of the pebble) is denoted by M. The average deviation between the two measurements is 10 per cent. A few samples show larger deviations (up to 40 per cent), linked to a section being far from elliptical (e.g. triangular). The ratio M/K r , called the geometric factor α, represents the correction factor that has to be applied to SM30 measurements in order to obtain the real volume magnetic susceptibility (K = M/α). After discarding eight outliers corresponding to samples with volume susceptibility lower than 50 × 10 −6 SI, the trend as a function of sample volume is practically the same for the four sets of samples (Fig. 2) . This confirms that the geometric factor does not depend on the magnetic susceptibility. For the limestone a marginally significant higher α appears, due to a flatter mean shape (see below) and smoother surface. This empirical calibration curve can be parametrized, and the equations obtained along different segments of the curve allow the evaluation of the volume magnetic susceptibility of a natural sample of known volume with a single SM30 measurement performed at contact with the sample. For large samples, α is around 0.74. In order to estimate more precisely the geometric factor for infinite objects, we performed a set of SM30 measurements on a 40 × 20 × 20 cm homogeneous clay body with flat sides and obtained K = (172 ± 3) × 10 −6 SI. Compared with K = (195 ± 2) × 10 −6 SI obtained with the KLY2, we have α 0 = 0.88. It should be noted that to achieve absolute calibration of the SM30, an additional multiplication factor of 1.06 should be introduced in order to take into account the absolute calibration of the KLY2 . However, in this paper we report uncorrected KLY2 values. Key: I, marly limestone; II, phonolite and agpaite; III, basalts; IV, porphyric basalts; V, clay; n, number of samples; ρ, mean density; K, volume susceptibility; F, flattening parameter (see text); V, volume.
Figure 2.
Geometric factor versus sample volume for the four sets of pebbles (empty boxes, marly limestones; diamonds, phonolites and agpaites; empty circles, basalts; full circles, porphyric basalts; triangles, clay). Note log scales. For marly limestones, only samples with volume susceptibility above 50 × 10 −6 SI are plotted. Note the log scale for volume.
For a given volume, the relative variability of α around the mean is about 10 per cent. This variability is due to the variable shape of the pebble as demonstrated by Fig. 3 that shows the evolution of the relative α scatter versus the flattening of the sample defined as F = c/ √ ab where a, b and c are the long, intermediate and short axis of the ellipsoid used to describe the sample. It appears that the parametrization of the curve is closest to reality for objects with F around 0.5 (Fig. 3a) . For flatter or more rounded objects, a correction up to ±20 per cent (for most common natural shapes) should be applied. For some unusually flat shapes, the correction can reach 50 per cent. On the other hand, the differences between the model and the measurements do not depend on the volume of the sample (Fig. 3b) . A possible refinement would be to take into account the shape of the measured sample for a more precise evaluation of magnetic susceptibility from a single SM30 measurement.
Another approach of SM30 calibration can be found in Jordanova et al. (2003) .
VA L I D AT I O N
We are currently developing a magnetic classification scheme for meteorites. Rochette et al. (2003) showed that for a given group of ordinary chondrites, magnetic susceptibility was restricted to a narrow range and that this property allows the distinction between the three groups LL, L and H. Besides being a fast and powerful control tool for meteorite classification, this result demonstrates that in situ measurements on extraterrestrial bodies such as planets, asteroids or comets can bring crucial information about for instance the meteorite class they can be attributed to . When the NEAR probe landed on 433 Eros asteroid in 2001 February, magnetic susceptibility measurements at the surface could have given clues to whether 433 Eros could be the parent body of a given group of ordinary chondrites. This question was not solved by the chemical and mineralogical probes available onboard NEAR. Rochette et al. 2003) versus sample mass for the three studied meteorite falls (boxes, Wadi Mellene; circles, Zag; diamonds, Titolar). Note the log scale for volume.
In order to check the validity of the SM30 calibration, we performed measurements on a number of ordinary chondrite samples from Zag (H3-6), Wadi Mellene (L3.8, A. Jambon personal communication, 2003) and Titolar (not yet classified). The samples, from three different suspected meteorite falls (i.e. collected within the same area of a few square kilometres) were found in the Sahara desert by M. Franco. For such uncut raw samples, the magnetic susceptibility was determined using the SM30 measurements and the calibration curve defined in the previous section. Sample volume was determined by dividing its mass by its average density (taken from Consolmagno & Britt 1998) . To compare with Rochette et al. (2003) we used the decimal log of the specific susceptibility χ (in 10 −9 m 3 kg −1 ). The good coherence of the data (Fig. 4) indicates that the calibration law for the SM30 is essentially correct for use with natural objects. In particular there is no relation between the volume and the volume susceptibility of the samples that would indicate a bias in the calibration. Only a few values appear to be significantly lower than the mean value: they are either the results of measurements performed on surfaces with complex non-planar geometry or real outliers, either from anomalously highly weathered pieces or from unpaired meteorites. In particular the four Titolar samples of large mass responsible for an apparent negative correlation of log χ with mass could be of another type. When compared with the Rochette et al. (2003) 
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Modelling
The second step of calibration is to consider non-homogeneous samples, and in particular horizontal layering of magnetic susceptibility as can be found in soils or in the case of a rock sample lying on a soil. The response of the SM30 over its integration volume was evaluated by performing measurement of an infinite homogeneous body with increasing distance. This homogeneous body was a concrete cylinder (40 cm in diameter, 20 cm high) described in Lecoanet et al. (1999) . The SM30 was mounted on a retort stand equipped with a millimetre scale. The measurements with increasing distance are displayed on Fig. 5 . It appears that the penetration depth of this instrument is about 6 cm and that 90 per cent of the signal come from the first 2.5 cm. It could be easily increased by using a larger coil, the penetration depth being comparable to the diameter of the coil. The curve in Fig. 5 has been parametrized by a sixth-degree polynomial equation denoted S(x) = M(x)/M(0) where M(x) is the SM30 measurement at a distance x from the concrete block. If we call R(x) = d S(x)/dx, the SM30 measurement at a distance d from a horizontally layered body is
where K(x) is the volume magnetic susceptibility of the layer of thickness dx at a distance x from the SM30 (Fig. 6 ). Eq. (1) allows the modelling of the SM30 response when measuring samples that have infinite (i.e. >8 cm) horizontal dimensions and susceptibility varying along x only. Note also that 1/ α 0 [ 1 − S(x)] is the correction factor to be applied to the SM30 measurement at contact of a slice of thickness x and horizontal dimensions >8 cm.
Experimental validation
In the case of a homogeneous infinite body of volume magnetic susceptibility K 0 , eq. (1) gives
In the case of a two-layer body with susceptibility and thickness K 1 and t 1 (upper part), K 2 and t 2 (lower part), eq. (1) gives
that can be written
We performed measurement on a synthetic two-layer body composed of an upper layer (tile) of susceptibility K 1 = 7100 × 10 −6 SI and thickness t 1 = 11.6 mm and a lower layer (concrete cylinder described before) of susceptibility K 2 = 250 × 10 −6 SI and infinite thickness. Both layers are homogeneous. Eq. (2) predicts 
M(d)
= α 0 K 2 S(t 1 + d) + α 0 K 1 [S(d) − S(t 1 + d)]. As we know K 1 , K 2 , t 1
and S(x), we can compute M(d).
The SM30 measurements with increasing distance and the computed values are displayed in Fig. 7 . The fit is excellent and confirms the validity of the calibration. The largest relative errors occur for measurements at distances above 45 mm because of the weak magnetic signal measured. The comparison between the trend of SM30 measurements with increasing distance and S(x) (representing the trend for a homogeneous infinite body) is a way to check for homogeneity of the measured sample. Large departures from S(x) increasing with depth, as shown by the thick solid line in Fig. 7 , indicate that the measured body is not homogeneous but horizontally layered. From this kind of curve it is indeed possible to infer if susceptibility decreases (studied case) or increases with depth. In the first (respectively second) case normalized measurements decrease faster (respectively slower) than S(x) and M(x)/S(x) is a decreasing (respectively increasing) function.
Inversion of measurements
We now show how it is possible to invert the SM30 measurements in order to estimate a vertical susceptibility profile. The synthetic sample used is the same that in the preceding section, i.e. a two-layer body with an infinite lower layer. We consider that the susceptibility of the lower layer, K 2 , is known. This situation could correspond to the natural case where the lower layer is a soil whose susceptibility can be measured elsewhere, enclosing an outcropping rock of unknown thickness and susceptibility. Two SM30 measurements are performed at distances d 1 and d 2 . From eq. (2), we have
The only unknowns are K 1 and t 1 , and the thickness t 1 is obtained by resolving
This was done for a set of two measurements (d 1 = 10 mm and d 2 = 30 mm) and gives t 1 = 11.0 mm. This result is in close agreement with the real value of 11.6 mm (Table 2), which confirms the validity of the modelling and inversion. The K 1 value derived from the computed t 1 value is also very close to the measured value. It must be noted that if both K 1 and K 2 had been unknown, a set of three SM30 measurements at different distances would have allowed the full determination of the structure of the composite body (K 1 , K 2 and t 1 ).
D E T E R M I N AT I O N O F V O L U M E B Y A M A G N E T I C M E T H O D
As the SM30 measures only the part of the sample that lies within the integration volume, it should be possible to assess the volume of a sample by comparing two measurements performed at different distances from the sample. For the 371 natural pebbles used for calibration of discrete sample measurements, we performed, in addition to the initial measurement at contact (denoted M 0 ), two measurements at a distance of 8 mm (denoted M 1 ) and 16 mm (denoted M 2 ). For these three measurements, the sample was placed directly on the SM30 probe in order to have a zero background susceptibility. The ratios M 0 /M 1 and M 1 /M 2 actually depend on the volume of the measured samples (Fig. 8 ) and it appears that the ratio M 0 /M 1 (respectively M 1 /M 2 ) allows the estimation of the sample volume in the range 0.2 to 20 cm 3 (respectively 20 to 200 cm 3 ). For the M 0 /M 1 graph the outliers correspond to samples with volume susceptibility lower than 400 × 10 −6 SI, whereas for the M 1 /M 2 graph even samples with a susceptibility around 10 × 10 −6 SI follow the general trend. This is an innovative non-destructive method for estimating the volume of a sample smaller than 200 cm 3 , with no need to manipulate, touch or even see the sample. However, it can only be applied to homogeneous samples, and for samples smaller than 20 cm 3 it can be applied only when the susceptibility is above 400 × 10 −6 SI. Fig. 9 shows that the volume computed from the parametrization of the curves of Fig. 8 is generally in the range ±40 per cent of the real volume, the precision being better for smaller objects.
With this possibility of determining the volume of a sample, we can propose a measurement scheme to evaluate the volume magnetic susceptibility of a discrete sample with the SM30 only. Three measurements have to be performed: at contact (M 0 ), at 8 mm (M 1 ) and at 16 mm (M 2 ). The ratios M 0 /M 1 and M 1 /M 2 allow the determination of sample volume. This volume is then used to infer the geometric factor α of the sample (Fig. 2) . Finally, the volume susceptibility is equal to M 0 /α. This scheme could be easily automated and could be validated for instance during a robotized meteorite collection campaigns in Antarctic blue ice fields. Successful field demonstrations have already been undertaken by the Nomad robot of the Robotics Institute at Carnegie Mellon University, Pittsburgh, USA (Apostopoulos et al. 2000) . With an SM30-like sensor mounted on a mobile arm, the volume magnetic susceptibility of a discrete sample, even partly hidden in the ice or covered with snow, would be rapidly determined with enough precision to distinguish between meteorites and terrestrial rocks, greatly increasing the meteorite recognition rate of such a robot. Moreover, Antarctic blue ice is the ideal location for using in situ automated susceptibility measurements as the samples rest directly on the ice that has a negligible magnetic susceptibility of −9 × 10 −6 SI. On a planetary surface, samples would rest on a substratum with a magnetic susceptibility possibly close to that of the samples. In this case, the magnetic susceptibility of the substratum would have to be measured separately in order to compute the background contribution and isolate the sample's magnetic signature.
We tested the proposed measurement scheme (including volume determination by the magnetic method) on 18 ordinary chondrite fragments (on loan from the Museum National d'Histoire Naturelle (MNHN), Paris, France and some private collections). All these fragments but three (Park, Waconda and Wadi Mellene) are from me- teorite falls. Most of them have been sawed and present sharp edges and angular unnatural shapes. The results are then compared with the value given by the KLY2 measurements associated with the volume determined using sample mean density (taken from Consolmagno & Britt 1998) and mass (Table 3 , Fig. 10 ). The mean difference between the two values is 43 per cent. This rather large error is attributable in part to the strong anisotropy of the magnetic susceptibility of the measured samples (ranging from 1.06 to 1.54 with a mean value of 1.32) and in part to the lack of precision in estimating the volume of very irregular objects by the magnetic method. Indeed the mean difference between the volume determined by our magnetic method and the volume determined by weight and density is 38 per cent. If we use the latter volume for both susceptibility measurements, the mean difference between KLY2 and SM30 measurements is reduced to 16 per cent (Fig. 10b) , which indicates that the SM30 calibration is also valid for very angular objects. Despite the observed departures, it must be noted that the precision obtained with the magnetic measurement scheme (Fig. 10a) is sufficient to distinguish ordinary chondrites from almost all types of terrestrial rocks and to classify most of the ordinary chondrites into the three groups LL, L and H. After verification, the 'Ness County' sample appeared to be a mislabelled and unidentified sample in the MNHN collection. As shown in Fig. 10(a) , only two samples (Tathlith and the unusually strongly magnetic Gifu sample) are misclassified (H instead of L) by the SM30 measurement scheme. Our previously reported measurements on natural rounded stones (Fig. 2) suggest that the success rate may be higher with less angular natural samples.
C O N C L U S I O N
The SM30 calibration performed on pebbles of variable shape, size and lithology allows the measurement of volume magnetic susceptibility of discrete samples of natural shape. The calibration performed on a semi-infinite homogeneous body with variable measuring distance leads to a 2-D model of the SM30 response over its integration volume and allows one to check for sample homogeneity and to determine susceptibility profiles with a sufficient number of discrete measurements at variable distance. Both types of calibration have been successfully validated on natural or synthetic samples. The calibration on discrete pebbles also shows that the volume of a sample can be evaluated with two to three measurements at different distances. This new method of determining volume is then integrated in a measurement scheme that provides the volume magnetic susceptibility of a discrete boulder with two to three measurements.
Therefore the SM30 portable susceptometer appears to be a suitable instrument with which to perform in situ magnetic susceptibility measurements on individual boulders or to establish magnetic susceptibility profiles that are of interest in soil sciences or weathering studies for example. It represents a precise penetrative iron phase probe, and its low electric consumption, weight and small dimensions (180 g and 10 × 6 × 2 cm including case, sensors and electronics) add to the relative simplicity of the proposed measurement scheme should enable the SM30 to be used for automatic in situ susceptibility measurements. Such automated measurements would be of interest for robotic exploration of any solid body of the solar system, or automatic meteorite collection mission in Antarctic blue ice fields.
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